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The Relative Influence of Microorganisms and 
Plant Enzyms on Corn Silage Fermentation 
BY ALVIN R. LAMB 
IIl STORlCAL 
Ever since the fermentation of silage has been studied and 
discussed the question of the agent causing the fermentation 
has been ill controversy. Some investigators have made the 
statement, based on evidence more or less incomplete, that 
microorganisms are solely r esponsible for the changes under-
gone by the ensiled forage. Other workers, who have based 
their conclusions on equally incomplete data, have held that 
in si lage produced nnder proper conditions bacteria and yeasts 
do not figure to any appreciable extent, but that the plant cell 
itself is the cause of the chemical chang'es which take place in 
its constituents. Still other writers have sometimes taken sides 
on the snbject without presenting any new data hparing on the 
problem. 
Among the earliest workers on the chemistry and biology of 
silage formation were Burrill and Manns (3),' who found many 
spec ies of bacteria in the silage, and stated that they were the 
cause of the chem ical changes. Babcock and Russell (1) made 
silage in the presence of chloroform, ether, and benzene, obtain· 
ing in each case a chRnge of color, some increase in acidity, and 
typical silage odor and flavor. 'rhese r esults and deductions 
made from other observations on the gases of the silo, the num-
ber of bacteria found, and on silage made from mature and 
immature corn led them to believc that bacteria were non-
essential and that the cause of the fermentation was mainly the 
intramolecular changes which occur in protoplasm under 
anaerobic conditions when ordinary metabolic processes are 
suspended. Harding (8), working under their direction, found 
bacteria but no constant flora in silage. E. J. Russell (17 ) 
came to the conclusion that the primary and essential changes 
in si lage fermelltation were brought about by t he plant ce ll and 
its enzyrns and that the changes caused by bacteria were sec-
ondary and nonessen tial. Esten and Mason (6) found such 
large numbers of bacteria and yeasts in silage that th ey con-
sidered th em the only important factor concerned. Hunter 
IHcference is made by number to bib!iog-raphy, pP. 330-331. 
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and Bushnell 00) recently found large numbers of the 
Bacic1'iwn blliguriclis geoup in silage and considered their activ-
it.ies very important. All the work mentioned allove has been 
clone with sila ge made from the corn plant (It CCt mays ), wh ich 
is the chief silage crop ill this country. 
InvestigatoJ's in plant physiology have found evidence of 
the evolution of carbon dioxid and the formation of alcohol 
under aseptic eonditions in the tissues of many plants, including 
maize. The distinetion as to 'whether this is due to the action 
of enzyms within the cells or to respiratory activities of the cell 
protoplasm is not made; but similar respiratory changes appear 
to be common to the majority of plants, especially in their 
seeds. It has been suggested that the respiration of plants 
under anaerobic conditions is identical with al coholic fermenta-
tion. In many cases some of the alcohol is further oxidized or 
otherwise changed, but the ratio of carbon dioxi.d to alcohol 
is often found to be comparable to that of ordinary alcoholie 
fermentation by the zymase of yeast. Of course, anaerobic con-
ditions obtain in the silo after the first few hours. Dorofejew (4) 
found that the respiration of injured leaves was accelerated. 
This may have some significance in connection with the chop-
ping of corn before it is ensiled. Zaleski and Reinhard (27) 
and others have noticed flimilar effects in wounded vegetable 
tissues. "Vith various seeds placed under anaerobic conditions 
Godlewski and Polzeniu8z (7), Stoklasa et a1. (20,21), Minen-
koff (13), and a number of others have found that alcohol and 
carbon dioxid are produced. Similar results have been ob-
tained by others with other plant tissues than the seeds. Al-
though Maze and Perrier (12) have questioned the results of 
Stoklasa, it is still possible that such respiratory activities play 
a part in the formation of silage. 
Certain enzyms have been shown to be present in corn grain. 
A proteoclastic enzym has been found by Vines (24 ) and like-
wise by Scheune1't and Grimmer (18), who found an amylase 
also present. Sigmund (23) found a lipase in both the r esting 
and germinating seeds of maize. Price (15 ) demonstrated the 
presence of a peroxidase, a catalase, a protease, all invertase, 
and a glucosidase in cornstalks. White (26) found proteoclastic 
and amyloclastic enzyms in maize seeds, which retain ed their 
activity in seeds 20 years old. 
STATEMENT OF PROBLEM 
A sharp differentiation between the activities of enzyms and 
microorganisms in a given medium is practically imposflible. 
I loth are susceptible to injury and destruction by heat and are 
more or less similarly subject to the inhibitive effect of our 
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common antiseptics. Moreover, some of the principal mani-
festations of bacterial activity are identical with those of 
enzym action, as, for example, the evolution of c31'bon dioxid, 
production of alcohol, rise in temperature of medium, and 
hydrolysis of protein. Antiseptics, if used in high enough con-
centration to inhibit all bacterial growth, seem also to exercise 
a deleterious effect on the plant tissues and their enzyms. 
Aseptic conditions can be m.aintained for respiration experi-
ments 011 small amounts of plant tissue, but it ,vould be very 
difficult to produce silage under such conditions. The problem 
attacked in the work at the Iowa Agricultural Experiment Sta-
tion here reported was therefore to differentiate as accurately 
as possible between the results of the various actiyities of these 
two kinds of agents. A number of different experimental 
methods were employed in the effort to arrive at a distinction 
between them. 
EXPERIMENTAL METHODS 
Silage made in the laboratory in glass jars has been JIsed in 
the greater part of this work. Experimental conditions can 
in this way be easily controlled, and comparisons [Ire thus pos-
sible. 'rhe corn was chopped in a small silage cHtter or was 
taken from the college farm silage cutter and packed as tightly 
as possible into cylindrical wide-mouth jars which ,,·ere closed 
with rubber stoppers. Each was provided with an outlet tube 
for excess gases, which was closed with a pinch cock. Silage 
made in this manner is perfectly and normally preserved with 
characteristic appearance and aroma. Comparisons of chemical 
data between silage from the farm silos and from laboratory 
silos show no considerable difference. Of course, no two lots 
of silage are ever exactly alike chemically. '1'he writer has 
previously made both corn silage and mixed silages in this 
manner (9, 11 ) . Results obtained show no evirlence that this 
laboratory silage is essentially different from silage made from 
similar material in an air-tight farm silo. 
Some of the corn used in this work was grown to maturity in 
the greenhouse. Both greenhouse corn and field-grown corn 
were used, to prevent any possible abnormal results. The 
green house corn was generally nearly as good in quality as the 
field-grown corn. . 
The analytical methods used are based upon the character-
istic chemical cbanges which take place in silage fermentation. 
The formation of acids and alcohols, the evolution of carbon 
uioxid, the disappearance of simple sugars, and the degradation 
of protein, which are the principal chemical phenomena of the 
fermentation, have been measured by the methods described 
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below. Results from methods based on these chemical changes 
show, as the conventional estimations of crude protein, fiber, 
ether extract, etc., do not, the nature and extent of fermenta-
tion and the character of the silage, as nearly as chemical an-
alysis can show. In each case comparisons 'were made with 
similar fignres obtained on samples of the green corn from 
which the silage was made. In each case the chemical deter-
minations were made upon the juice expressed fr0m the silage 
in a Buchner press, under a pressure of 300 to 400 kgm. per 
square centimeter. This mcthod of sampling facilitates the 
chen~.ical examination, insnres a well-mixed sample, and makes 
possIble more comparable results. 
The methods used arc as follows: 
Total acidily.---'.l'en c. c. of silage juice were diluted to about 
500 c. c. with carbon dioxid free water, and titrated with deci-
normal barium hydroxid solution in the presence of phenol-
phthalein till a distinct pink appeared by reflected light against 
a white background. 
Volatile acidity.-One hundred c. c. of juice were distilled in 
a current of carbon dioxid free steam. '1'0 hasten the liberation 
of volatile acids and alcohols, 100 gm. of sodium ehlorid were 
added to the juice. About 600 c. c. of distillate were titrated 
with baryta water in the presence of phenolphthalein. 
Alcohols (Distillat.ion method) .-'rhe distillate from the vola-
tile acid determination was neutralized 'with baryta water 
(solid phenolphthalein being added) and concentrated by re-
peated distillation with sodium chlorid (2). About 50 c. c. of 
alcohol solution were oxidized1 in a pressure flask in a boiling 
water bath for 30 to 40 minutes, and the volatile acids then 
distilled off four or five times, with additions of carbon dioxid 
free water. 'rhe volatile acids were titrated and calculated as 
ethyl alcohol. 
Alcohols (Aeration method).-In this method (5) a current 
of air was drawn thru the silage juice, which was saturated 
with ammonium sulphate, into concentrated sulphuric acid. 
The slllphuric acid-alcohol solution was then oxizided with the 
potassium dichromate solution, and distilled and calculated as 
in the previous method. Although other alchols are formed in 
silage in small amounts, all were calculated as ethyl alcohol. 
Total sugat·s.-Fifty c. c. of juice were clarified. with neutral 
lead acetate, the excess lead precipitated with anhydrous sod-
ium carbonate, an aliquot allowed to stand 24 hours with hydro-
chloric acid, neutralized, and the total reducing sugars deter-
mined on an aliquot by either the Defren-O'Sullivan method or 
IThe oxidizing solution used was made up in the following proportions: 10 gm. of 
potassium dichromate (K, Cr, 0,), 20 gm. of sulphuric acid (H,SO.), 70 gm. of water. 
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the sli ghtly modifil'll volumetric method of Schoorl (19). In 
any given series the same method was used to insure COlU-
para ble results. 
Amino Il i trogcn.-The ~_lUino nitrogen \I'as determined on the 
diluted juice with the Van Slyke apparatus (22 ) . This deter-
mination shom;; the relative degree of hydrolysis of protein if 
used on the same or similar material at successive periods. 
Amrnon1·a. lIitrogcn.-A 50-c. c. sample of the juice was dis-
tilled with magnesium oAid, according to the official fertilizer 
method. 
1l1oistttrc.-Samples of about 100 gm. of silage were dried to 
constant weight, in most cases in a vacuum oven at 60° C. 
SILAGE MADE UNDER ANTISEPTIC CONDITIONS 
Corn silage made in the presence of ether and chloroform, 
as done by Babcock and Russell (1), is, of course, well pre-
served and evolves, after the antiseptic has been allowed to 
evaporate, an odor quite aromatic and characteristi.c of silage. 
The exact amount of antiseptic which should be added to inhibit 
bacterial growth without seriously impairing enzymic action is, 
however, very difficult to estimate. Moreover,Wagner (25 ) 
has found that certain bacteria may flourish in the presence of 
benzene, phloroglucinol, phenol, and phenolic derivatives. 
Some experimental silage was made, however, in the presence 
of chloroform, toluene, and cresol. Analytical data on these 
are shown in table 1. 
TABLE I-ANALYTICAL DATA ON ANTISEPTIC SILAGE 
(Calculated on basis of 100 gm. of dry s ilage.) 
Kind of silage I Total acidity I Alcohol NH,- N 
____________ (N/ 10) 
\ - -C."c-. - \ --G,-n.-- \ - -G,,-,.--Typical green corn... . .... . ......... 34 0 0.052 
Toluene s ilage (2 per cent) ...... _. \ 31 \ Trace. I .057 
Chloroform s ilage (5 per cent). .... . 225505 I' ..... O· ·.1· 5· ..... ·1 . 176 Cresol silage (0.5 per cent). . . . . . . . . . .199 
Normal silage ................... . . 675 .81 __ .:..:.2:.::.56=--_ 
The amount of toluene added seems to have been enough to 
stop practically all change. No bacterial gro·wth was obtained 
from the chloroform silage. It seems likely that the jar of cresol 
silage contained a limited number of active organisms, as two 
forms were isolaterl from this silage, one of thetn an acid former, 
alld no evidence of spore formation could be ohtained ·with 
either of these organisms. Some of the results of the work with 
antiseptics have been introduced here to show the apparent im-
possibility of obtaining conclusive results, at least with silage, 
by using such methods alone. 'l'hese data, however, may be of 
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some value when compared to other data shown on the follow-
ing pages. Further experiments with varying amounts of anti-
septics were not attempted, as it seemed likely that other 
methods would give more conclusive results. 
OTHER EXPERIMENTAL SILAGE 
An effort was made to learn the effect of bactel'ia and yeasts 
alone, by heating jars of chopped corn to destroy the enzyms, 
followed by inoculation with an infusion of normal silage, 
which should carry the normal mixed flora of silage. After in-
oculation the jars were in each case incubated at 28 ° to 30° C., 
with a control jar of normal silage made from the Rame sam111e 
of corn. rrhe analytical data, which are interesting but not 
conclusive, are shown in table II. 
TABLE II-SILAGE HEATED AND INOCULATED 
(Data on 100 c. c. of juice) 
Kind of silage 
Green corn .............. . 
Normal silage (control) .... . 
Corn heated to 80° and inoculated .. 
Green corn ......... .......... .. . . 
Normal silage ................... . 
Corn heated to 90° and inoculated .. 
Green corn ....... ........ ...... . 
Normal silage ... .......... . ... . . . 
I Total Volatile acidity aciility 
~/10) (~lQl 
1 c. c. C. c. 
23 1.8 
375 118.0 
274 123.6 
43 
318 
198 
109.6 
99.1 
Corn heated to 85° and inoculated .. 1 
19.5 
342.5 
301.5 
1.2 
73.1 
58 .4 
Alcohol 
Gm .. , 
0 
.265 
.345 
0 
.150 
.244 
0 
. 297 
.188 
I NH"- N. 
Gnt. 
0.044 
.135 
.111 
.214 
.068 
.024 
.114 
.035 
The prominent part which may be played by yeasts in the 
fermentation of silage under certain conditions was demon-
strated by adding to a jar of silage sufficient tartaric acid in 
solution to make2 p el; cent of the weight of th e silage. An 
acid mixture of this strength practically inhihits bacterial 
action and favor.s the development of yeasts. A comparison of 
·.the .acidity ,of the silage with the amount of tartaric aciel added 
showed that evidently no other acid had been formed, except 
some volatile acid, which might possibly have come from, the 
oxidation of alcohol. The quantity of alcohol found in 100 
c. c. of this silage juice was 1.746 gm., expressed as eth~' l 
alcohol, while normal silage juice contain only from 0.20 to 0.-!5 
gm. 
RATE OF CHEMICAL CHANGES IN SILAGE FER-
MENT A1'ION 
.' 4. more conclusive method of differentiating between the 
activities of enzyms and of mici"oorgan~sms was suggested by 
a paper by Rahn (16 ) , who disclTssed the usefnlnes.:) of curves 
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in the interpretation of microbial ,md bichemical processes. It 
is shown by Bahn that the curve which is obtained when the 
formation of products of fermentation or other biochemical 
process is plotted, taking as abscissm the total time elapsed 
and as ordinates the total amounts of compounns IJroduced, is 
in many cases indicative of the nature or cause of the change. 
lf the change is caused by enzymic action and ii", therefore, 
purely chemical, the active mass of the agent causing the change 
does not increase as the reaction progresses; and the decreasing 
concentration of the substance acted upon and the accumula-
tion of end products tend to decrease the rate of change. Thus, 
the cnne becemes convex toward the Y axis. 'rhe mass of 
enzym does not increase unless there are living cells present to 
elaborate more enzym. However, if organisms arc present and 
are active, they multiply until the exhaustion of nutrients or 
the accumulation of end products r etards and finally stops their 
increase. Until this time the rate of change increases with the 
number of organisms, and the r esulting curve is convex to-
ward the X axis. Then there is a point of inflection, after 
which the curve becomes similar to the enzvmic curve. An 
examuie of a curve of this type is shown in" fig. 1, a typical 
"fermentation curve". There is always a point of inflection, 
or change in direction of curvature in a bacterial curve, pro-
vided the data begin before the num ber of organisms has r eached 
its maximum. These two kinds of curves are discussed at some 
length b~- Balm in th e article cited (16 ). 
In natural or mixed fermentations , such as the formation of 
silage, it is possible that different processes taking place at 
the same time will destrov the natural form of the curve. Or 
if both chemical and biological factors are pres(lnt and pro-
ducing the same substance, e. g., alcohol, the nature of the curve 
might be variable, depending upon the relative" active mass " 
of the two agents. Tn the caS(l of so large an inl)culation that 
the bacteria do not multiply materially, a bacterial curve might 
possibly r esemble the curve of an enzymatic process. How-
ever, the chemical composition of the material and the extent 
of the fermentation depend upon many variable factors , such 
as soi l and meteorological conditions, the method and rate of 
filling the silo , and opportunity for inoculation. 'rhe silage re-
sulting is thus a varia ble product, depending on these and other 
factors. Therefore it seems very unlikely that nny consider-
able error in the interpretation of curves nrawn from silage 
(:ata would persist thru a numbel' of entirely separate experi-
ments. This is evident from the data given in t he following 
pages. 
The analytical methods outlined above were used to obtain 
data on the chemical changes occurring during the early period 
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of silage fermentation, iu ol;der that curves such as just de-
scribed might be plotted. The data obtained by .:\feidig (14) 
on this part of the fermentation process indicate the impossi-
bility of obtaining regular CllrveR and strictly comparable re-
sults by taking samples from a farm silo, owing to the yaria-
bility in composition of the silage in different parts of the silo, 
and the necessity of the perfect exclusion of air thruout the 
process. Therefore, silage was made in the laboratory in 
small jars as mentioned above. '1'he chopped corn was very 
I horoly mixed, and after a sample had been taken for the 
initial analysis, it was packed tightly into jars. 'rhe jars were 
kept under the same conditions, generally 'in an incubator at 
28° to 32° C., following the average rise of temperature in the 
silo. One jar was opened each day and the juiee pressed out 
and analyzed. 'J'his method should give as nearl y correct re-
sults on the rate of change as it. is possible to obtain, it being 
granted that silage formation in small jars is perfectly normal. 
The changes which were found vvere very similar to the changes 
observed by Neidig in the farm silos, except that the uniform-
ity of the samples gave much more uniform and regular curves. 
A series of nine jars of silage ( series 1 ), using corn grown to 
maturity in the greenhouse, gave very interesting results. The 
corn was mixed and ensiled as described above. '1'he determi-
nations on the green corn and on each day's sample of silage 
juice were made, as usual, in a strictly comparable manner. 
The analytical data are given in table III. 
'1'he curves plotted from the data in table III are Sh0'\"11 in 
figs. 1 to 4. '1'he curves showing the disappearance of sugars 
and formation of acids are similar in shape and are t~'pical of 
bacterial fermentation. The amino-nitrogen curye. which 
shows the rate of hydrolysis of protein, and the alcohol cnrve 
both show the abrupt rise at the beginning which characterizes 
TABLE lII- SERIES 1 : FORMATION OF ACID AND ALCOHOL, DIS-
APPEARANCE OF SUGARS. AND INCREASE IN AMINO 
NITROG EN IN SILAGE. 
(All data calculated to sample of 100 c c. of silage juice.) 
Age of s ilage I T~ii~~i~i.ty I 
Days 1 c. c. 
~ .:::::::::::::: I ~+:~ 
~.::::: :::::: j ~iU 
5 ... . .. .. • .•. .•. . 1 233.7 
~ ::::::::::::: :::1 mJ 
12 ... .. .. .. . ... .. . 1 228.0 
Alcohol 
Gnt. 
0.002 
.144 
. 065 
.067 
.082 
.090 
.129 
.095 
.082 
.114 
NH,- N. I Total sugars I 
--G"",-n.- - Gm. I 
0.069 5.299 
.083 4.934 
:g~~ tm I 
:m ~:m \ 
.108 1.742 
.109 1.867 
.109 2.203 1 
.109 2.270 I 
Total 
sugars 
which 
disap-
peared 
Gm. 
0.000 
.365 
.773 
2.525 
2.976 
3.221 
3.557 
3.432 
3.096 
3.029 
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the enzmyic type of curve. However, between the second and 
third days during the same period in which there appears a 
marked increase in bacterial activity in the sugar and acid 
curves, there is also a second rise in NH2-N curve, which is 
probable evidence of some proteoclastic action by bacteria. · 
A similar series of determinations (series 2 ) made two 
months later shows a somewhat different set of curves. Field-
grown corn at the proper stage of maturity was chopped in the 
silage cutter, inoculated with material carrying the usual flora 
of the farm silage cutter, and ensiled as before. In this series 
total and volatile acid, alcohol, sugars, amino nitrogen, and 
ammonia nitrogen were determined. 'fhe analytical data are 
shown in table IV. 
TABLE IV- SERIES 2: FORMATION OF TOTAL AND VOLATILE 
ACID AND ALCOHOL. AMINO NITROGEN, AMMONIA NITRO-
GEN AND DISAPPEARANCE 0]<' SUGARS IN SILAGE. 
(Data on 100 c. c. of s ilage juice.) 
A ge of silage I a:;~n~ 1 ~~l~f~~e I Alcohol I NHr N· 1 NH3-N. 1 Tota' (N / 10) (N / 10) s ugars 
Days I c. c. C. c. Gm. I G,n . Gm. : G1lt. 
0 ... ........ 
.. ·1 17.3 1.4 0.000 0.021 0.006 3.139 1 ..... ...... . .. 97.0 42.1 .188 .053 .008 1.622 
2 
:::::> .. : . '1 
160. 3 56.9 .210 .060 .010 1.008 
3 205.4 65.2 . 197 .066 .010 .648 
4 . . . . . .. ... 235.2 68.4 .262 .095 .026 .235 
5 '" .... " 250.6 68.6 .307 .098 .018 .158 
7 . " ..... 254.4 70.6 .238 .097 . 019 .019 
9 
....... ..... . ·1 263.0 71.0 .403 .104 
I 
.021 .019 
12 .............. 266.9 78.9 .256 .084 .019 .120 
15 ....... ... . ... 274.6 75.8 .347 . 112 .025 . 161 
21 ... .. . ........ 291.8 84.0 .354 .128 .027 I::: :: :::: 30 ........... 
·.:.2L 296.6 ! 79.5 .337 .149 .028 
Disap-
pear of 
sugars 
Gm. 
0.000 
1. 517 
2.131 
2.491 
2.904 
2.981 
3.120 
- -
The form of the acid curves of this series (fig. 5). when com--
pared to the usual form of acid curves, suggests the possibility 
of so large an inoculation with acid-forming bacteria that the 
maximum in numbers 
was reached during "";'1 
the first 24 hours. 
The CUI've showing 
the disappearance of .; J
1
-
sugars (fig. 6) has ~ 
the same form. 'l'he ~ 
A. I 'tY 
curves showing the 
formati on of alcohol ~ 'OO[ . __ ~."Jj'L_~~l.l1I. ______ __________ _ (fig. J ) I S of the ---... ----- . 
enzymic form, li.ke /-----. 
the corr esponding h-2~,-.~~.-r--.....-.----,. ,, - ,,-
curves in series 1. Ir-
regularities in these 
two alcohol curves 
DAYS 
Fig. 5~Curves showing the development of acidity 
in series 2. 
) .DI-
G: 
<I 
'" ::> 2.1>-
." 
.n 
:E 
'" 
DAYS 
Fig. 6- CuI've showing the disappear-
ance of sugars in series 2. 
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Fig. 7- Curves showing the increase in 
amino nitrogen and ammonia nitro~ 
gen in series 2. 
suggest the possibility that each is the resultant of the forma-
tion of alcohol by one or more agents and it.s simultaneous ox-
idation b,\- other agents. Or there might possibly be some 
variation between individual samples in the series. 'fhe amino-
nitrogen curve (fig. 7) shows an evident enzymatic protein 
hydrolysis during the first three days. Between the third and 
fourth llays, how ever, an abrupt rise takes place, which bears 
out the assumption made from series 1, viz, that bacteria figure 
in the hydrolysis of ·protein after the first two or three days. 
It is noteworthy that a similar rise takes place during the same 
period in the sugar, alcohol, and ammonia-nitrogen curves, in-
clica tillg a general increase in the activity of microorganims at 
that time. As previously mentioned, just such a simultaneous 
rise was noticed in three of the curves in series 1 between the 
second and third days. 'fhis observation lends strength to the 
evidence in favor of enzymic action in these cases during the 
first two da,\-s. 
Corn grmrn in the greenhouse was uscd for series 3. ']'his 
corn made an excellent growth and was practicall~r as good in 
quality as field-grown corn. The corn was chopped in the lab-
oratory alld ensiled as before, but with little opportunity for 
inoculation. Analytical data on this series are shown in table 
V. The first jar of silage ,,,as opened when only 12 hours old. 
TABLE Y- SERIES 3: FORMATION OF ACIDS AND ALCOHOLS 
AND DISAPPEARANCE OF SUGARS. 
(Data on 100 c. c. of s ilage juice.) 
Age of s ilage 
o ... . . ' ~~~~ ... .. ... ~ 
'h .. . 
1 ... . ::::::::: .: :::1 
...••...•... . • . 1 
Total 
acidity 
(N / 10) 
- C. c . 
14 . 0 
25.0 
36 . 5 
39.0 2 
4 
7 ... . ::::::: :::::: ::1 41.5 63.5 
\ 
Volatile \ 
acidity 
(N / 10) 
1 c. C. 
1 2.7 
I 
2.8 
2.9 
3.0 
3.1 
5.0 
Alcohol \ 
Gl1t . 
0.001 
.079 
.123 
.272 
.312 
.414 
Total 
s ugars 
Gllt. 
3.850 
4.292 
4.060 
3.428 
2.236 
1.660 
Disappear-
ance of 
sugaro:. 
Gm. 
0 
- .442 
- .210 
+ .422 1.614 
2.190 
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The increase in the amount of sugars during thr first day is 
interesting. and very probably due to the presen ce in th e corn 
grain of amylase, which in this case produced sugar from higher 
carbohydrates faster than the sugar was used. Th e develop-
ment of acids is r emarbaly small, due perhaps to t h E' slight op-
vortunity for inoculation with acid-forming organisms. It is 
unfortunate that a larger number of jars was not fill ed in this 
experiment so that the later progress of acid formation could 
have been followed. Since there is no possibilit~, in this series 
that the formation of acetic acid complicates the question of 
alcohol formation, some interesting observations are possible. 
The alcohol curve (fig. 8 ) after beginning like an en z~'mic curve 
takes another abrupt rise between the first and second days, 
proba bly when the yeasts become more active. The concomit-
ant production of carbon dioxid in the silage of this series was 
also measured. (The data are given on page· 327. ) The carbon 
rlioxid curve (fig. 13 ) shows the same trend thruout as the alco-
hol curve, including the rise just mentioned bctlwen the first 
lmd second days. The carbon dioxid: alcohol ratios sll nlY a gen-
eral increase as the fermentation progresses, as follows: 
Age of silage (days)... 1h 1 2 4 7 
Ratio .... . .. . . ... ... 1:0.51 1 : 0.61 1: 0.86 1: 0.79 1: 0.97 
'l'hi s increase might be either because the yeasts ar e taking 
an in creasingly greclter part in th e ferm entation ~l1d th e ratio 
t her efore approaches the ratio of the ordinary alcoholic fer-
mentation, or because carbon diox id from other r eactions is in-
cluded in the amount evolved during the first fe \\' da~·s. Of 
course, th e above is the r esult of but a single pxperiment on 
this point. 
In the next series (series 4) the corn used was from the same 
greenhouse plot [,8 th e preceding. Th e use of th e same tools, 
etc., a week later, gave opportunity for a much larger inocula-
tion with acid-formillg bact eria. This is evidencrcl b." the data 
shown below. In this series bactE'riological counts of some of 
the samples were made.! 'l'llP technic used \\·as as fo llows: 
'1'he sampl e was ground in a sterile mortar for 1;1 minutes, 50 
gm. weighed ont, pla('ed in a liter flask with 500 c. c. of sterile 
water and shaken 100 tim es. One c. e. was plated in various 
dilutions in a yeast-extract agar and incubated for 48 hours at 
37 ° C. Data on this series are given in tabl e VI. 
lAcknowledgment is g ratefully made to Dr. R. E. Buchanan for the use of labora-
tory fac ilities and media for making these counts. 
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Fig. 8-Curve showing the formation of 
alcohol in series 3 and 4. 
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Fig. 12- Curve showing the forma-
tion of a lcohol in series 5. 
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Fig. 9- Curves showing the development 
of acidity in series 4. 
o 
u 
VOLATILt ACIDITY 
DAYS 
Fig. 11-Curves showing the de-
velopment of acidity in ser-
ies 5. 
k-----t---,-,----r-r---.-~ 
DAYS 
Fig. 13- Curves showing the rate of 
evolution of carbon dioxide. 
(Curves 2 and 3 are coincident 
during the first one-half day.) 
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TABLE VI-SERIES 4: FORMATION OF ACIDS AND ALCOHOL, 
AMINO NITROGEN, DISAPPEARANCE OF SUGARS, 
AND BACTERIAL COUNTS IN SILAGE. 
(Data all on 100 c. c. of juice, except bacterial counts.) 
--------~-m~~ 
A ge of silage 1 a~d~~~ 1 v..~li~W: II Alcohol I NH:rN· 1 Total I D~s~~:~rr- I :::!;:~~ 
(N/ 10) (N/ 10) I sugars sugars of silage 
Days I C. c. C. c. Gnt. Gm. Gm. I Gm. 
~, .......... \ 15.5 2.7 0.001 0.028 6.662 ° 
~e ::::::::::1 JU U :m :Hi Lm I (+~J~~ 10::::::::: 
3 .. . ..•.•. . 156.0 18.9 .193 .120 3 . 764 2.898 119,000,000 
4 ..... . .... 148.5 24.5 .182 .116 4.636 2.026 38,800,000 
6 .. . .. ..... 1 223.5 47.8 .197 .101 2.324 4.338 
9 .....•.... _:2:..:5c.:c4,-,. 0:........c1c......:5:.:8..:.:. 2=--'----'."'2.::.:68=--'-----' ...:.1.::..:07'--'---'2:..: .::.19:..:0'--' __ ---=:4.:.... 4:..:7.::.2--,-1....:1c.:c06"".::.00:..:0.:...,0:..:.:00 
It should be noted that the preliminary increase in sugars oc-
cms as it did in series 3. The comparatively small bacterial 
count in the 4-day-old silage is reflected in the total acid, 
amino nitrogen, and sugar columns. The alcohol curve (fig. 
8 ) shows the same em~Y111ic form as before. The acid curves 
(fig. 9) show the usual bacterial form. The amino-nitrogen 
cun-e (fig. 10) is of the enzymic form as before. 'fhe curves 
sho\ying the disa~ppearance of sugar in series 3 and 4, tho 
not reproduced here, approach the bactei'ial form. 
A final lot of silage (series 5) was made from corn grown in 
the fi elds. 'fhis corn lay in the field or on wagons 15 to 20 hours 
after cutting. It was taken from the farm silage cutter, mixed, 
and ensiled as before. The data are given in table YII. 
TABLE VII- SERIES 5: FORMATION OF' ACIDS AND ALCOHOL 
IN SILAGE. 
Age of siJage 
(Data on 100 -c. c. of juice.) 
Total acidity 
(N/ 10) 
C. c. 
45.0 
47.5 
123 . 5 
218.5 
263.0 
312.5 
362.5 
Volatile acidity I 
(N/ 10) Alcohol 
Gm. 
0.022 
.190 
.269 
.342 
.515 
.465 
.633 
The initial -acid and alcohol content are rather high, as the 
corn stood so long after cutting. 'fhe acid curves (fig. 11 ) 
s11o\\' the usual bacterial form and the alcohol curve (fig. ]2 ) 
the llsual enzymic form, with the later rIse presumably due 
to yeasts. 
The data obtained from these five series of experimental 
silage will be discussed later. 
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EVOLUTION OF CARBON DIOXIl) 
The amount of carbon dioxid evolved by silage, a constant 
and characteristic phenomenon of the process, was measured 
by absorption in caustic potash solution. The silage was packed 
into cylindrical specimen jars with wide mouths which were 
fitted with specially made rubber stoppers. A ~!8-inch galvan-
ized-iron pipe was led to the bottom of each jar and the corn 
was tightly packed around it. This pipe was closed at the top 
with a rubber tube and a pinchcock. An outlet tube at the 
top of each jar was connected to an absorption train. 'rhe gas 
was forced thru the train by its own pressure, which " 'as aI-
vvays greatest during the first day, gradually decreasing there-
after. At the end of each period the iron inlet tube of one of 
the jars was connected to a soda-lime tub e and a current of 
air was drawn thru the absorption train for 30 minutes to re-
move the carbon dioxid remaining in the jar. The silage could 
then be removed for analysis. The data from the three expE'ri-
ments are given in table VIII. 
TABLE VIII- EVOLUTION OF CARBON DIOXID IN SILAGE. 
(All data calculated to sample of 100 gm. of silage.) 
I Evolution of carbon dioxid ' Age of silage Experiment 1 1 Experiment 2 1 Exp'm't 3' 
(Gm. CO2 ) 1 (Gm. CO2 ) (Gm. CO2 ) 
Yo ..... Day~ .. ••..•. . i .............. .1. .... ......... .. 1 0.115 
1 . ......................... 1 0.288 1 0.228 .148 
~ ...... ... .... . ... 1 (t) .404 1 . 226 
3 .... .. . . . . ... . .. . .. .. .. .341 .490 I 
4 .......... .. .. . . . . .. .. ..... .. .. . . . 1 (t) I (t) I 
~ :::::::::::::::::::::::::::::::::: I: : : : : : : :~~ : : : : : : : I•...... (gg ..... 
.292 
.315 
*These dabl are from series 3, p. 32B. 
The curves plotted from these data are shown in figure 13. 
All are of the enzymic form, and check with the observations of 
the writer on all the silage he has made, viz, that the evolution 
of ::-,s is always greatest during the first day or two, and nearly 
cea,.,cs after about four days. In most cases the rate of evolu-
tion is evidently kept up after the first day or two by contribu-
tions from hacteria and yeasts . In experiment 3 the curve 
shows a change of direction and a distinct rise during the sec-
ond day, coincident, as remarked a.bove, with a similar rise in 
the alcohol curve in the same experiment (cf. series 3). 
RISE IN TEMPERATURE 
Another characteristic phenomenon of sila.ge f ermentation, 
" but one yery much misunderstood in the early days of silage 
making, is th ~ rise in temperature of the silage. Temperatures 
. : ... - . ,. 
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as high as 130 0 F. have been observed in the silo at or near the 
surface of the silage. rrhis excessive heating is clue to activity 
of luicroorganisms greatly accelerated by the presence of atmo-
spheric oxygen, and occurs whenever silage is uncovered and left 
exposed to the air for a time. The temperature deep in the silo, 
ho\rever, protected from the air and sufficiently removed from 
the conduction of heat from the surface of the silage, is rarely 
higher than 80 0 F. It is rt!.ther unsatisfactory to attempt to ob-
tain curves characteristic of bacterial or enzymic fermentation 
fronl the rise in temperature of the medium, on account of the 
number of somewhat extraneous factors involved. The outside 
temperature is always a factor, and the rise in temperature of the 
silage might easily affect the rate of chemical reactions or of 
bacterial growth thus increasing the rate of temperature rise ancl 
p erhaps changing the nature of the curve. Data which have been 
obtained from the farm silos! and from very carefully insulated 
laboratory silos suggest that the greater part of the heat devel-
oped is clue to microbial action . It is considered unnecessary to 
r eproduce these data here as similar data have been published 
( 14 ) . However, one table is subjoined (table IX) showing the 
rise in temperature at the surface of the silage in one of the farm 
silos. An iron pipe was forced down into the silage for about 4 
feet , and a thermometer, immersed in a test tube full of water, 
lo\\·ered into the pipe so that the bulb was 2 feet below the surfac 
of the silage. The top of the pipe "vas closed exccpt when the 
thermometer was pulled up for reading. These data when plot-
ted give a smooth and typical bacterial fermentation curve. Of 
course, this does not exclude the possibility of some heat prdollc-
tion by enzym action. 
TABLE IX-RATE OF HEATING AT SUR~~ACE OF SILAGE IN 
BRICK SILO. 
Date Age of 
silage I Outside Tempera- tempera-ture ture 
I \ D of. 1 FO. Sept. 19..... . . ... .. ... . ... .. . ........ 4 p. m. gyS 71. 2 1 
Sept. ~O:":: ~ ~:~::::~"~:":::::::"::":" l ~2a~~: ::::::::::: ~U If 
Do ..................... • . ....... 12 m. \........... 85.6 
Do ........ . .. .... . .. . ....... .... 6 p. m. 1 100.R 
Sept. 21...... . ................ . ...... 9 a. m. ........... 113 . 4 
Do ............ • ................ . 12 m. ........ . .. 115.3 
i;~;~ 1[:::::: >/: :::: » > >/: :: :: :: :)1 ~i~~: I' ; ... \ m J I i ~i 
Sept. 25. . ....................... 1 12 m. I 6 1_1_2_8_,8 _____ 1___ 6_2 
61 
67 
58 
53 
1. With the cooperation of the Agricultural Engineering section of the Iowa station. 
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DISCUSSION AND CONCLUSIONS 
It appears that neither microorganisms nor plant enzyms are 
alone responsible for the changes which take place in corn 
silage fermentation. The curves in these pages show that acid 
production is mainly if not entirely a phenomenon of bacterial 
activity in the silage. 'rhe results from the other experimental 
silage described above also suggest that the gTeater part of the 
acid is produced by microorganisms. 
The cun'es showing the disappearance of sugars are, like the 
acid curves, generally of the bacterial fermentation type. Al-
tho some of the sugar is undoubtedly changed by enzym action, 
the greater amount seems to be metabolized by bacteria and 
yeasts. 
The formation of alcohol, however, is evidently a phenome-
non primarily of the respiratory or enzymatic activity of the 
plant cells. This is suggested by investigators in plant physi-
ology, who have often found zymase in plants, and is corrobo-
rated by the nature of the alcohol curves shown. The curves 
suggest a later production of alcohol by yeasts, and results from 
the other experimental silage support this idea. As fltated above, 
Esten and Mason (6) found large numbers of yeasts in corn 
silage. Both factors, therefore, probably have a share in the 
alcohol production. 
A similar statement holds good for the hydrolysis of protein 
as indicated b~' the amino-nitrogen content of the silage. Pro-
teoclastic enzyms are present in corn grain, and the curves show 
evidence of their activity. Both the later rise in the amino-nitro-
gen curves noted above and the results from silage in which the 
enzyms were destroyed show some proteoclastic activity by 
microorganisms also. It is noteworthy that E. J. Russell (17) 
found end products of protein hydrolysis in corn silage made in 
the presence of toluene, which hydrolysis he ascribed to enzym 
action. 
The evolution of carbon dioxid must be dne largely to enzym 
action. The cun'es shown all agree on that point, even when 
the first period was only 12 hours. Evidence that yeasts pro-
duce a part of the carbon dioxid after the first day has also been 
pointed out. 
The rise in temperature of the silage is not great except at 
the surface, "'here the material is in contact with air. Micro-
organisms seem to be responsible for most of the 11eating, but 
the partial influencE' of enzyms is not excluded. 
SUMMARY 
The question of the rE'spective causal relationship of micro-
organisms and plant cell enzyms to the fermentation of corn 
silage has long been in controversy. It is difficult to differen· 
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tiate between the activities of these two kinds of agents. Work 
with antiseptics both by earlier investigators and by the writer 
is not conclusive. Experimental silage, other than antiseptic 
silage, has been made, with results of some value; but the most 
conclusive evidence is obtained by the determination of the 
rate of change in variou'l phenomena of the fermeotation under 
normal conditions. Curves plotted from these data show that 
bacteria are mainly responsible for acid production and the 
concomitant disappearance of sug·ars. Alcohol is formed first 
by plant enzyms and later by yeasts. Protein is hydrolyzed 
first by enzyms and later by microorganisms. Carbon dioxid 
evolution seems to be very largely due to respiraton" or en-
zymic activities, but yeasts probably have a share in its pro-
duction after the first day or two. Microorgani!"l11s are pro b-
ably largely responsible for the heating of the silage. Both 
kinds of factors are always present during silage fermentatIun 
am! the process is due to the activities of both in tk· absence of 
H1r. 
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